zone of cell division is located at the base of the blade near the ligule (4) . Like leaf growth, cell division is predominantly unidirectional, giving rise to parallel files of cells. A cell within a file is displaced away from the site of division as a result of production (i.e. cell division) and longitudinal growth (i.e. cell elongation) of younger cells within the file. As each cell is displaced in the elongation zone it expands and differentiates.
Accordingly, the distance between a given cell and its ontogenetic origin (the cell division zone) is a function of both its age and developmental stage. Silk et al. (10) (11) (12) have discussed and demonstrated the power and use of the continuity equation to study growth and developmental processes in growing organs. Using this model we calculated local rates of substance deposition from data on spatial distribution of growth velocities and contents of dry matter and water-soluble carbohydrate within the elongation zone of tall fescue leaf blades (7) . That research was conducted on plants grown in continuous light during which leaf blades elongated at a near steady rate for several days.
In diurnal cycles LER3 often exhibits rhythmic behavior, with LER in darkness being lower than in light when seedlings (1) or young plants (13) are grown at low irradiance and short photoperiods. Similarly, LER is lower in darkness than in light when the temperature at the leaf base is lower during darkness (3, 17) .
In contrast, LER is increased during the dark period when tall fescue is grown at high irradiance during 14-or 15 -h photoperiods and temperature is constant at the base of the tiller (6, 15) . Under those conditions LER increases greatly for a short time following the transition from light to darkness and decreases abruptly for a short time following the transition from darkness to light. These responses are transient (1-1.5 h duration), followed by extended periods of near constant LER, with elongation rates being approximately 60% higher in darkness.
The questions then arise, is increased LER during darkness due solely to increased rate of water uptake into expandable cells, or is rate of assimilate import and utilization also increased? Further, are spatial distributions of growth, water deposition, and assimilate import affected differentially during light and dark periods? Leaves elongate at essentially constant rates during a large part of both the light and dark periods when temperature of the elongation zone is constant (15) . Thus, we analyzed growth activity within these periods using the continuity equation as discussed by Silk (10) .
Growing leaf blades of tall fescue were harvested at the beginning and end of the steady LER periods during both light and darkness. The elongation zones were dissected into segments, and these segments analyzed for water and DM content. Data were also collected on the spatial distribution of growth velocities within the elongation zone of blades during both light and dark3Abbreviations: LER, leaf elongation rate; SER, segmental elongation rate; VD, velocity of displacement; DM, dry matter; PPFD, photosynthetic photon flux density. 1070 ness. Net rates of water and DM deposition into segments in light and darkness were calculated using the continuity equation (10) .
MATERIALS AND METHODS
Plant Material and Growth Conditions. Tall fescue (Festuca arundinacea Schreb.) plants were propagated vegetatively, established, and fertilized as previously described (16) . After establishment, pots containing three plants each were transferred to a growth chamber. The vegetative plants were clipped to leave a 6-cm stubble and regrown for 4 weeks prior to experimentation.
A 15-h photoperiod of 500 ,umolIm-2 s-1 PPFD at stubble height was supplied by cool-white fluorescent and incandescent lamps. Relative humidity was controlled near 70%. A temperature of 21°C was maintained at the base of the tillers by adjusting air temperature to 19°C/23°C (day/night). Plants were watered daily and fertilized weekly.
In experiment I, 30 uniform pots were blocked into five groups of six replicates. Four groups of plants were used for tissue sampling at four times during a diurnal cycle, the remaining group being used for growth measurements. In experiment II, 40 pots were blocked into five groups of four replicates containing two pots each. These were used for tissue sampling at four times in the diurnal cycle, the first time being repeated after 24 h. A sixth group of five pots was used for growth measurements.
Tissue Sampling, Water, and DM Determination. Sampling started at 1 and 14 h into the 15-h photoperiod and at 1 and 8 h into the 9-h dark period. Replicates were harvested successively and harvest times recorded, all sampling being finished within an hour. Elongating leaves were selected for sampling if the exposed part of the blade was longer than 6 cm, but less than half the length of the next older leaf blade. This ensured that daily increase in leaf length was linear (16) . The elongation zones of 3 to 6 (experiment I) or 5 to 9 leaf blades (experiment II) were carefully freed from surrounding leaf sheaths, then cut from the stem base at the ligule. Younger leaf blades developing within the blade of interest were removed.
The elongation zone of the leaf blade was cut with a razor blade, beginning at the ligule which serves as the reference point and origin of the coordinate system, into seven 5-mm long segments followed by five 12-mm long segments. Segments of leaves within a replicate were combined by position and held in aluminum trays on ice. After fresh weights were determined the samples were dried at 70°C for 40 h and dry weights were determined. Water content of samples was calculated as the difference between fresh and dry weight.
Growth Measurements. Data on LER and the spatial distribution of segment elongation within the elongation zone of leaf blades were collected from six (experiment I) or five pots (experiment II) which were not used for tissue sampling. LER was measured on 4 to 6 (experiment I) or 3 to 6 leaves per pot (experiment II) that conformed in stage of development to those selected for tissue sampling. Leaf lengths, measured from the ligule of the second youngest, fully developed leaf to the tip of the elongating leaf, were determined at the beginning and end of the steady LER phases (15) in both light and darkness, i.e. at 1.5 and 14.5 h into the photoperiod and 1.5 and 8.5 h into the dark period. Leaf lengths were regressed against time, and the slopes were used to estimate LER.
In experiment I, LERs were determined during the 24-h cycles preceding and following the diurnal cycle in which tissue was sampled. In experiment II, LER measurements were made during two consecutive diurnal cycles, the day prior to and the day of tissue sampling. In both experiments, mean daily leaf elongation for the two diurnal cycles differed by less than 10%.
Data on spatial distribution of segment elongation in the elongation zone were obtained as described previously (8) . Briefly, 
Thus, VD was calculated for the midpoint of segment i. Local net deposition rates (D, ,ug-mm-l h-1) of water and DM were calculated using the 5-mm-long segments of the elongation zone and the one-dimensional version of the continuity equation as described by Silk (10): D = (dPlat) + VD (dPh3x) + (SER-P) where P is substance density (e.g., ,ug water-mm leaf length ') t is time (h), and x is distance (mm) from the ligule of the leaf blade. SER and VD at the midpoint of 5-mm-long segments of the elongation zone were calculated from RSE of 5-mm-long segments. The latter RSE values were obtained through linear interpolation using the RSE values described above.
On the right side of the continuity equation the first term dPI at represents the local rate of change (time rate change in substance content at a fixed distance from the ligule). It was calculated from data obtained from the tissue sampled at the beginning (ta) and end (tb) of both the light and dark periods: aP/at = Pb -Pa tb -ta Thus, local rate of change was assumed to occur at a linear rate between ta and th. The convective rate of change VD (aPldx) and stretch rate (SER-P) were calculated as previously described (7).
RESULTS AND DISCUSSION Leaf Elongation. LER exhibited a distinct diurnal pattern in both experiments (Table I) . During 1 ). All tissue in the elongation zone elongated faster during the dark than during the light period, maximum SER at 8 to 16 mm from the ligule averaging 0.080 and 0.057 mm-mm-h -(means of both experiments), respectively. About 57 and 48% (means of both experiments) of the total leaf elongation occurred within these limits during light and darkness, respectively. The apparent larger contribution of this zone during the light period was associated with smaller relative contributions to elongation by both basal and distal segments, but these trends were not statistically significant. To a first approximation, the 65% higher LER in darkness was due to nearly proportionate increases in SERs throughout the elongation zone, with the zone remaining about 30 mm long during both periods.
Tissue of a given segment was displaced relative to the ligule due to elongation of tissue closer to the ligule and partly to its own elongation (Fig. 2) . The VD increased with distance from the ligule, up to the distal end of the elongation zone near 30 mm, where VD became constant and equal to LER. Dark VD was higher than light VD throughout the elongation zone, thus Water Deposition. SER, VD, and substance density (P) data were used with the continuity equation to calculate net rates of water deposition into segments of the elongation zone (Fig. 4) . During both light and darkness net rates of water deposition increased from the base of the elongation zone to the location of most active elongation (10-15 mm from ligule), then decreased to near zero at the distal limit of the elongation zone (25-30 mm from ligule). Net rates of water deposition were thus closely related to SER (Fig. 1) , r2 = 0.90 (experiment I) and 0.93 (experiment II) when data from both the light and dark periods in the respective experiments were combined.
The close relationship between water deposition and SER is clarified by the component analysis shown in Figure 5 . The local rate of change component (i), i.e. the change in water content per unit time (aP/at), contributed only a mean 6% to the total net rate of water deposition into the elongation zone (Fig. 5) , confirming that the spatial distribution of water content within the elongation zone was relatively steady.
The convective rate of change term (ii) i.e. VD (aPlax) is positive and accounts for water deposition (Fig. 5) due to displacement of tissue (Fig. 2) occurring through a positive spatial gradient in water content (Fig. 3) . Since most of the tissue water is cellular and water is largely noncompressible, an increase in water content per mm leaf length indicates an increase in crosssectional area of the cells in that tissue. Throughout the elongation zone 16% of the net rate of water deposition was due to convective rate of change, suggesting that expansion in the lateral and vertical dimensions contributed only a small portion of overall volumetric growth of cells in that tissue. Interestingly, lateral expansion ceases further from the ligule than elongation (Fig.  5) , as was pbserved earlier (5) .
The stretch rate (iii), i.e. the change due to elongation of the segment (SER.P), was the largest component, accounting for 78% of the water deposition into the elongation zone (Fig. 5) . Water content per unit leaf length (P) was approximately 50% higher at the distal than at the basal end of the elongation zone (Fig. 3) . Thus, 50% more water was deposited per unit SER at the distal end of the elongation zone. However, since SER varies much more than does water content within the elongation zone its effect on the stretch rate is much larger. Thus elongation, i.e. Rates of water deposition along the elongation zone during both light and darkness were higher in experiment I than in experiment II (Fig. 4) , due to higher water content of elongation zones in experiment I (Fig. 3) . This was probably due to larger tiller size in experiment I resulting in slightly wider leaf blades. SER and VD were similar in both experiments (Figs. 1 and 2) , and thus did not contribute greatly to the difference in water deposition rates between experiments.
Rates of water deposition were higher in darkness than in light throughout the elongation zone in both experiments (Fig. 4) . Net rate of water deposition into the total elongation zone was obtained by integrating net rates of water deposition for each segment between 0 and 30 mm from the ligule (Table II) . Total net rate of water deposition into elongation zones was 82% (experiment I) and 72% (experiment II) higher during darkness than in light.
Most of the increase in rate of water deposition into elongation zones during darkness, i.e. 73% (experiment I) and 89% (experiment II), was due to increases in the convective rate of change
(ii) and stretch rate (iii) components (Table II) (Fig. 6) .
DM Deposition. In both the light and dark periods of both experiments net rates of DM deposition increased with distance above the ligule to reach a maximum at the location of most rapid tissue growth, then decreased distal to this region (Fig. 7) . Thus, a general positive relationship was observed between net rates of water and DM deposition (Figs. 4 and 7) . This relationship was also observed previously (7) Since near zero or negative DM deposition occurred distal to 30 mm in darkness (Fig. 7) , the increase in DM content with distance above 30 mm from the ligule (Fig. 6 ) was entirely attributable to DM deposition occurring during light, i.e. DM deposition during light occurred in both the elongation zone and the adjacent recently expanded tissue, whereas DM deposition during darkness was restricted to the elongation zone.
At present it is not clear why DM deposition into the elongation zone and the adjacent, recently expanded tissue is differentially affected during light and darkness. Assimilate export from photosynthesizing tissue, especially the exposed tip of the young elongating blade, may be decreased during darkness. In addition, assimilate supply to the growing leaf may be predominantly from older leaves, such that photosynthate enters the growing leaf at its base, near the ligule. The elongation zone is the first tissue to be encountered by assimilates from older leaves on their way into the leaf. Therefore, the elongating tissue may be supplied more abundantly with assimilates from older leaves while the recently expanded tissue may be supplied largely by the exposed tip of the elongating blade. Alternatively, the elongation zone may be a stronger sink for assimilates exhibiting a higher affinity for translocated sucrose than the adjacent recently expanded tissue. Possibly phloem unloading is stimulated in the elongation zone. Rapid fructan synthesis which occurs at the location of highest assimilate import (7, 9) may be related to such a mechanism. 
